Illuminating engineers, lighting designers and others have long debated the importance of providing an artificial light source that mimics the characteristics of natural light. Several products are available that purport to provide more natural light, of which retrofit plastic filters are one. Product testimonials praising these products abound, but there is little empirical data concerning their effects on the visual environment. This paper reports two experiments concerning this issue, the first being a test of the hypothesis that selected retrofit magenta filters improve skin appearance in comparison to other common lighting sources or a placebo condition. The second experiment tested the hypothesis that selected retrofit magenta filters improve short-term visual performance, compared to other common lighting sources or a placebo condition. The results show that the selected filters improved skin appearance relative to unfiltered fluorescent lamps. There were no differences between preferences for skin appearance under comparable magenta filters from two different manufacturers. In general, light sources relatively richer in red than green were preferred. There were no effects of light source spectral composition on short-term visual performance.
Introduction

Context
Illuminating engineers, lighting designers and others have long debated the importance of providing an artificial light source that mimics the characteristics of natural light. Some believe that a more natural light source will produce better health, visibility and productivity. Others have argued that these benefits remain to be conclusively demonstrated in the scientific literature. [1] [2] Several products are available that purport to provide more natural light: enhanced or so-called full spectrum lamps, polarising panels, full spectrum polarised lighting (which combines full spectrum lamps with polarising panels), and retrofit plastic filters. Many of these products carry a price premium compared to standard fluorescent lighting systems, and some reduce energy-efficiency. Full-spectrum fluorescent lamps, for example, generally have lower lighting efficacy (deliver fewer lumens per watt). Filters that increase the operating temperature of fluorescent lamps reduce light output in addition to filtering out selected wavelengths.
Despite these economic and environmental costs, product testimonials praising these products abound. Those who favour such products argue that the costs are minimal in comparison to the benefits. The issue for building owners and managers is whether installing these products will lead to a commensurate return on investment, in the form of improved productivity, more contented workers, and better health leading to reduced absenteeism. The issue for workers is whether the claims about improved indoor environments made for these products have a sound scientific basis, or are the result of placebo effects.
Facilities managers, faced with sales literature or occupant requests, need informed advice concerning the merits of various lighting products. In the case of retrofit plastic filters, it has been difficult to provide such advice in the absence of objective, empirical data concerning the claims that these filters improve visual performance and improve the appearance of objects and people. This project was designed to address these questions.
Spectral power distribution effects on skin appearance preference. At present it is unclear whether or not correlated colour temperature is relevant to evaluations of room or object appearance. Boyce and Simon observed that colour rendering index was a poor predictor of satisfaction with the appearance of a scale model lit by various fluorescent lamp types, but a new criterion, colour discrimination index (CDI), gave a clear result. 3 Lamps with high CDI values (larger gamut areas § ) were rated as providing a more satisfactory appearance than those with lower CDI values. Boyce and Cuttle found that ratings of room appearance were unrelated to the CCT of lamps illuminating the room (CCT= 2700, 3500, 4200, or 6300, all CRI>80), but were influenced by the presence of natural colour (in the form of fruit and flowers). 4 Boray, Gifford, and Rosenblood observed no differences in ratings of room appearance or of the attractiveness of male and female models (the lamps used were halophosphate T12 lamps with CCT=3000, 4150, or 5000 K and CRI=52, 62, and 90, respectively). 5 When measures of preference (what the observer likes, rather than how they would describe the appearance of the space or the object) are the outcome, we see clearer evidence of differences related to CCT. It appears that warmer colour temperatures are preferred over cooler ones, with a definite dislike for conventional T12 cool-white lamps. [6] [7] [8] [9] Colour rendering quality is also important: Preferences are higher for lamps that render colours better. [8] [9] In addition, people are best able to discriminate between lamps when skin colour, rather than arbitrary object colours, are the basis for discrimination. 8 The finding that skin colour is the most discriminable stimulus for lamp judgements suggests that it be used for further investigations in this area.
At present the literature does not support generalisable conclusions about the most-preferred lamp colour characteristics. Most investigators have changed CCT by changing lamp type, but this often results in such dramatic changes in spectral power distribution (SPD) that no general conclusions have emerged. This experiment, by virtue of using filters on fluorescent lamps, offers the opportunity to examine changes in CCT with minimal changes in the overall shape of the SPD viewed.
Spectral power distribution effects on visual acuity. Claims have been made concerning the beneficial effects of fluorescent lighting filters that reduced the transmission of green and yellow wavelengths (producing a noticeably magenta colour appearance). These claims, based largely on evidence collected anecdotally and on research results not submitted to independent peer review in the scientific community, include reduced eyestrain and fatigue and increased productivity. 10 By contrast, others argue that increasing the relative contribution of short-wavelength (blue) light will reduce pupil size and increase visual acuity. 11, 12 Berman has argued that using lamps with appropriate light source spectral power distribution (SPD) to trigger this effect would allow reduced luminance levels and energy savings while maintaining the same level of visual performance. 13 Veitch and McColl examined the visual performance of university students in relation to light source spectral power distribution (full-spectrum, cool-white, and filtered-T12 cool-white fluorescent lamps) and ballast type.
14 No effects of SPD were found. One criticism of this work was that the experimental design was insensitive to the effect of SPD as compared to its sensitivity to ballast type effects. 15 Experiment 2A (described below) is designed to examine this issue, by comparing SPD conditions as a within-subject variable, and ballast type as a between-subjects variable [the opposite to the design used by Veitch & McColl 14 ].
General Procedures Setting
In order to facilitate participant recruitment, data collection for the laboratory experiments was conducted in a temporary laboratory, set up in a windowless corner of an atrium space in a large office complex. Figure 1 shows two photographs of the temporary space and equipment. The ambient lighting was incandescent, approximately 200 lx overall, with higher illuminance at the desk (approximately 700 lx) and in the colour appearance booth when it was in use.
Participants
The two laboratory experiments were conducted concurrently, using the same participants (a total of 80, 40 men and 40 women). The sample size was chosen in order to give sufficient statistical power to each experiment, taking into account the expected effect sizes and the limitations of time both for participants and for the research personnel.
The participants were volunteers drawn from the population of employees in the office complex. An e-mail notice from management announced the project to occupants and invited them to participate, provided that their § The gamut area for a light source is the area on the 1960 CIE colour diagram 16 enclosed by the eight colours used for the calculation of the colour rendering index 3 . immediate supervisors permitted them to take the time from their duties. Potential participants contacted the research team by e-mail or telephone to set up an appointment to participate. Sessions were offered in English or French.
Potential participants were required to meet the following criteria (all were self-reported): • at least 18 years of age;
• normal or corrected-to-normal vision and hearing;
• no colour vision abnormalities;
• no upper-body impairments (the skin appearance experiment required a comparison of the appearance of the participant's right and left hands, each illuminated by a different light source);
• no use, in the 24 hours before participation, of decongestants or of medication for blood pressure, diabetes, epilepsy, depression, allergies or muscle or back pain (all of which might affect alertness and/or vision).
[Four participants reported during data collection that they had taken one of these medications. Their data was excluded from analyses, and other participants were recruited to replace them.] Participation required approximately 30 minutes. At the end of the session, each participant received a voucher for the purchase of coffee and a muffin at a local café.
Procedure
Details of the experimental procedures for each subexperiment are provided below. The general procedure was as follows:
Participants arrived at the laboratory facility one at a time, and were greeted by one of two experimenters. They were given verbal instructions, in the language of their choice (English or French) concerning the nature of the experiment, the tasks that would be required of them, and their rights as research participants. Before continuing they were asked to sign a consent form.
All participants completed the 21 paired comparisons of the skin appearance experiment immediately following the signing of the consent form. This was followed by a short break to allow the experimenters to set up the required conditions for the visual performance experiment. Each participant completed the Vision and Lighting Diagnostic Kit (VALiD) task under two lighting conditions (from one of the three sub-experiments described below).
Between the two VALiD tests there was another short break. During this break one experimenter set up the second lighting condition, while the other experimenter guided the participant through the completion of a background questionnaire to provide demographic information. This experimenter also rated the participant's skin colour using two scales, one for skin colour and one for skin darkness. These scales were developed from classifications used in the cosmetics industry, and validated in an informal pilot test.
Following the second VALiD test, participants were given a verbal explanation of the purpose of the investigations. Those who wished were invited to contact the principal investigator for feedback on their VALiD test performance. Sixteen participants did so.
Experiment 1: Effects of Fluorescent Lighting Filters on Skin Colour Appearance
Experimental Design
The aim of this study was to characterise the effects of green-corrected fluorescent lighting filters on apparent skin colour. Some manufacturers claim that green-corrected fluorescent lighting filters are designed to correct the green-magenta balance of common fluorescent lamps so that their spectral qualities are comparable to that of natural daylight. Adding such a filter to an interior lighting installation will have dramatic effects on the appearance of objects and people. Skin colour is arguably one of the most important factors affecting the acceptability of a lighting installation, as people are better able to discriminate between light sources when apparent skin colour is the basis of the discrimination. 8 Lighting systems that render skin colour poorly will be unacceptable and rejected by occupants.
This study compared participants' preferences for their own skin colour as viewed under several different filtered and unfiltered fluorescent light sources: two lamp types, 3500 K / 80 CRI F32T8 lamps, and 4100 K / 80 CRI lamps (both on electronic ballasts), and three filter conditions: Filter 1, Filter 2, and unfiltered. Filters 1 and 2 are green-corrected filters from two different manufacturers, but having similar transmission characteristics (see Figure 2 ). (Two variants of Filter 1 were used, one with 3500 K lamps and one with 4100 K lamps.) The six light source conditions are within the range of conditions in the offices in the complex where data collection occurred.
Method
Subjects. All participants completed this experiment (N=80). Table 1 shows a summary of the demographic characteristics of the participants. Those participants who required vision correction at the distance required for the tasks wore their prescription lenses. The few participants reporting hearing impairments showed no signs of communication difficulties that would have impaired their performance, and their data was retained.
Apparatus. The participants compared the appearance of the backs of their own hands in side-by-side comparisons of two light sources. A diagram of the apparatus is shown in Figure 3 , and photographs in Figure 4 . The participant was seated in front of the apparatus, and placed his or her hands on the inclined board on either side of the felt partition (Fig. 4A) , hooking the thumb of each hand under the peg. All of the surfaces that were visible to the seated participant were black, to maximise the colour contrast with their hands.
The inclined board was illuminated from above, separately on each side, by light emitted through an aperture in a black-painted plywood cover, on top of which were two 1' x 4' two-lamp luminaires. A sliding mechanism allowed the experimenter to change the luminaire positions over the aperture, thereby changing the lamp type ( Figure 4B ). Filters, held in stiff cardboard frames, were applied over the aperture and laid in a grooved holder in the plywood cover. Cardboard baffles were included as part of the filter frames, to create equivalent illuminance on the inclined plane. A target illuminance of approximately 650 lx was chosen as being both within the range of illuminances used in offices, and achievable given the design of the apparatus.
Luminance values were measured using a reflectance standard (?=.98) placed on the inclined board. Although the luminance was not precisely even across the board, it was symmetrical on the two sides of the apparatus and the pattern was constant across all six light source conditions. Table 2 summarises the photometric conditions for the six light sources used in the experiment. For all sources, the photopic luminance of a reflectance standard on the pad was approximately constant around 217 cd/m 2 . (Scotopic luminance is included because it figures in the discussion below.) Figure 5 shows the spectral power distribution curves for the six light source conditions. Prior to data collection, the filters were tested by an independent laboratory, to verify their transmission characteristics and to determine whether or not they were polarised. None were polarised, and the characteristics of the two filters were very similar one to another, as is evident from the SPD curves in Figure 5 .
Procedure. Each participant completed 21 paired-comparison trials. For each trial, the participant was asked to tell the experimenters whether side A, side B, or neither side, was the side with his or her preferred colour appearance to the backs of the hands. One experimenter recorded the answer directly into a Visual Basic™ data collection program written for this experiment. The second experimenter took care of manipulating the luminaires and filters to set up each comparison.
The order of presentation of the 21 trials was randomised separately for each of the 80 participants, to control order effects. For six of the trials, both sides were illuminated with the same light source (lamp+filter combination). For fifteen trials, the left and right sides were illuminated with two different light sources. For each of these trials, the assignment of light sources to left and right sides was random (to control for any systematic preferences for left or right on the part of the participants). Between trials, the aperture was fully blocked until the new set of conditions had been set up.
Results
Control trials. For six trials, both the left and right light sources were the same. The stated preferences for these trials were examined to determine whether or not participants systematically favoured one hand or the other. The responses for these trials were coded -1 (left), 0 (no preference), and +1 (right). For each of the 80 participants, a total hand preference score was created by summing the responses for these six trials (possible range -6 to +6). The mean of this variable was 0.325 (SD=1.81), which was not statistically significantly different from zero (t(79)=1.60, p>.05). Overall, there was no evidence that participants favoured one hand over the other, although some individuals may have done so. This was judged not to be problematic because of the counterbalancing of stimulus presentations in the experimental trials.
Light source comparisons. A two-step procedure was used to analyse the responses for the other 15 trials. In these trials, left and right light sources varied, in all possible pairs of the two lamp types x three filter conditions. Left and right presentation of the light sources were counterbalanced. After correcting for the counterbalancing, scores were recorded as -1 (left), 0 (no preference), or +1 (right).
In the first step, the responses for the 15 comparisons were quantified into scores reflecting preferences for the six stimulus conditions using a design matrix for paired comparisons (see Appendix). These 6 scores (each having a possible range of -1 to +1) were then analysed using a 2 (Lamp) by 3 (Filter) analysis of variance (ANOVA) in which both Lamp and Filter were within-subjects factors. Interpretation of this main effect, however, is somewhat qualified by the small significant Lamp X Filter interactions (each having R 2 = .05), displayed graphically in Figure 6 . Both effects were statistically significant, indicating that the influence of Filter 1 versus 2 was different for the two lamp types, and that the addition of filters (in comparison to unfiltered lamps) also differed for the two lamps. In general, the addition of a filter had a stronger effect on preference for skin appearance under the 3500 K lamp than the 4100 K lamp. Filter 2, in comparison to Filter 1, had an opposite effect on relative preference for the two lamp types.
Additional tests were conducted to examine whether skin colour, skin darkness, age, or sex related to relative preference. None were statistically significant.
Prediction of preference from photometric data. The significant interaction effects suggested that the explanation for the changes in relative preference might be better explained by a more subtle change in the overall luminous conditions associated with the six light sources, than by lamp type or filter as categorical variables. Because the continuous photometric variables were attributes of the light sources, and both the attributes and the light sources were nested within subjects, these data were analyzed using Hierarchical Linear Modelling (HLM).
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As one would expect, the set of photometric variables (Table 2) were highly intercorrelated, which prevented the use of multiple predictors in the models. Instead, separate models were created for each photometric variable in order to identify whether any were statistically significant predictors of relative preference, and if so, which predicted the most variance. ** The results, summarised in Table 5 , showed that there were four statistically significant predictors, but the x:y ratio was the best in terms of percentage of explained variance. The effect, explaining 9.6% of the variance, is medium-sized.
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Discussion
The relative preferences for skin colour appearance under various light sources -combinations of common fluorescent lamps and retrofit filters -show a subtle relationship to the photometric properties of the light sources. Lamp and filter combinations had interactive effects on relative preference. This interactive pattern corresponded to the pattern of relative values of the chromaticity co-ordinates, x and y but less well to the pattern of x itself, CCT, or photopic luminance (see Figure 7 or Table 2 ). Although CCT was a statistically significant predictor of relative preference, its predictive power was less than for the x:y ratio. Moreover, there was no statistically significant overall main effect of lamp type (a contrast for which CCT varies from 3500 K to 4100 K), whereas there was a large statistically significant effect of using filters versus unfiltered lamps (a contrast for which, within lamp type, CCT changed less than the change across lamp types).
The direction of the effect is positive: the higher the x:y ratio, the higher the relative preference for skin appearance under that light source. Sources richer in reds than in greens are preferred. This is precisely the change in spectral qualities that the green-correcting (magenta) filters are intended to achieve. Figure 8 illustrates this relation by plotting the chromaticity co-ordinates on the CIE 1931 colour space.
The overall conclusion to be drawn from the available information in this experiment and elsewhere is that, for populations of people with relatively light skin tone, in rose or olive colours, there appears to be a preference for light sources that are more rich in red wavelengths than in green, although this finding requires replication. Light sources rich in green are not well liked.
6-8 CCT alone does not appear to predict light source preferences for skin appearance. People of other skin colours or tones might have other light source preferences for skin colour, but no data are available concerning this hypothesis. ** Conceptually, this analysis consists of creating separate regression lines for each participant, and then testing the distribution of regression weights against the null hypothesis that the average regression weight equals zero.
Experiment 2: Effects of Fluorescent Lighting Filters on Visual Performance
Research Design
This investigation has three parts, each comparing visual acuity of human subjects when performing a standardised test of visual acuity viewed under filtered fluorescent light with measured visual acuity when performing the same test under other lighting conditions. The lighting conditions can all be found in present-day North American offices.
The three parts address the following questions: • Is visual acuity improved by adding a retrofit filter (Fil-1) to a common T8 lamp?
• Is visual acuity better under filters from different manufacturers (Fil-1 and Fil-2)?
• Is visual acuity better under filtered T8 lamps than under a full-spectrum fluorescent lamp?
The experimental design addressed the three research questions using three sub-experiments involving various lighting conditions, all of which are realistic office lighting sources and levels. Comparisons involving two other lighting variables (illuminance and ballast type) were also included to demonstrate the sensitivity of the test to conditions known to affect visual acuity, and to provide further information for lighting decision-makers about the effects of common lighting choices.
Experiment 2A. This experiment had two independent variables: ballast type (electronic or magnetic ballasts [a randomly-assigned, between-subjects comparison]), and light source spectrum (filtered [Fil-1] T8 4100 K, 80 CRI lamps and unfiltered T8 5000K, 90 CRI lamps [a within-subjects comparison]). Thus, every participant completed the VALiD task under two light source spectra, run by either magnetic or electronic ballasts. All lighting conditions maintained 200 lx on the task surface. Based on the literature, we predicted that visual performance would be better for the electronic ballast group than for the magnetic ballast group, but that light source spectrum would not influence visual performance.
Experiment 2B. This experiment had two independent variables: illuminance level (100 lx or 1000 lx [a randomly-assigned, between-subjects comparison]), and light source spectrum (filtered and unfiltered T8 4100 K, 80 CRI lamps [a within-subjects comparison]). Thus, every participant completed the VALiD task under two light source spectra, at either 100 or 1000 lx horizontal illuminance on the task surface. We predicted that visual performance would be better at 1000 lx than 100 lx, but that the presence or absence of the filter would not influence visual performance.
Experiment 2C. This experiment had one independent variable: filter type, Fil-1 or Fil-2, both used with T8 4100K, 80 CRI lamps at 200 lx. We predicted that visual performance under the two filter types would not differ.
Method
Subjects. Table 1 displays the characteristics of participants in the three sub-experiments concerning visual performance. The sub-experiments were conducted sequentially, such that the first 16 men and first 16 women completed experiment 2A, the next 16 men and 16 women completed experiment 2B, and the final 8 men and 8 women completed experiment 2C. The distributions of age, use of visual correction, and degree of fatigue, were not significantly different for participants in the three groups.
Apparatus. Visual acuity was measured using the VALID Kit. 18 The task is to identify the direction of the gap in a Landolt ring, which are circles with a gap that can be oriented in any cardinal direction. In this case, the gaps are either on the top, bottom, right, or left of the ring. The VALiD kit consists of 12 rows (labelled A to L) and thirteen columns (numbered one to thirteen) of Landolt rings, printed onto a white card of high quality paper (18 cm x 19 cm) mounted on a metal plate. The rings vary systematically in size and luminance contrast. From the top left corner, ring size and gap size decrease across the columns (gap size ranges from 0.051 cm to 0.009 cm). Moving down columns, from top to bottom, the luminance contrast decreases systematically by rows of two (from .90 to .08). This provides two equivalent forms of the task (odd-and even-rows). The contrast is greatest for the top two adjacent rows and the least for the bottom two rows.
In this experiment, the VALiD task was illuminated indirectly. The task is placed on a flat platform under a Plexiglas dome (113 cm in diameter) coated with high-reflectance, spectrally flat, barium sulphate coating. The platform is placed on top of a 1'x4' fluorescent luminaire such that light shines through apertures in the platform and is reflected from the dome onto the task. The participant views the task by looking through a 10.2 cm x 3.8 cm viewport located in the top of the dome, directly over the VALiD task and 47 cm above. The participant cannot see the apertures that admit direct light into the dome. For this experiment, pairs of luminaires were mounted at a 45-degree angle in a custom stand so that participants could stand to reach the viewport, rather than leaning over a table. The drawing in Figure 9 shows the apparatus schematically for one 2-lamp luminaire, placed horizontally on a table; for this experiment the apparatus was mounted to allow participants to stand, shown in Figure 1 .
The procedure was the same for all three sub-experiments; only the lighting conditions illuminating the task differed. Separate luminaires were used for each lamp/ballast combination. Filters held in cardboard frames were added or removed as necessary from a slot in the luminaire cover before the platform holding the dome and the task was placed on top. One of the experimenters moved the dome and its platform into place over the appropriate luminaire while the other explained the procedure to the participant. All lamps were burned-in for 100 hours prior to use and ran continuously for an hour before and throughout each experimental session, to ensure consistent lamp temperatures and constant lamp aging. Table 6 displays the photometric data for the lighting conditions in the three subexperiments, and Figures 10-12 show the SPD curves. An illuminance sensor and external meter were used to ensure that illuminance conditions were as specified for the applicable experimental condition.
Procedure. As described above, the visual performance tests took place after the colour appearance judgements. For sub-experiments 2A and 2B, participants were randomly assigned to one of the between-groups conditions (electronic or magnetic ballasts, expt 2A; 100 or 1000 lx, expt 2B). Each participant completed the VALiD task twice, under two different lighting conditions determined by the sub-experimental design in which they participated. The order of presentation of the within-groups conditions was counterbalanced within each experiment (or sub-experimental group), so that half of the participants in each group started with one of the two conditions, and half with the other. To complete each visual performance test, the participant stood (using a step-stool if necessary) at the VALiD apparatus, looking through the viewport to the task below. The viewport was large enough to accommodate spectacles, for those participants who wore them. Experimenter 1 instructed the participant to begin at either row A or row B and to call out the direction of the gap in each ring, beginning with column 1 and continuing through column 13. If the participant reported being uncertain, the experimenter strongly encouraged the individual to continue and to guess if necessary. The order of presentation of the equivalent rows of the task was counterbalanced (half of the participants did rows ACEGIK for the first conditions, and half started with rows BDFHJL).
Between visual task presentations, the dome together with the task was moved physically from one luminaire to the other by Experimenter 2. During this time participants verbally answered the demographic questions and rested their eyes by looking into the distance while sitting facing Experimenter 1 at the desk.
Results
The general analytic strategy for this set of experiments was multivariate analysis of variance (MANOVA). The dependent variables were the number of correctly-identified ring gaps for each row of the VALiD chart. Thus, there were 6 dependent variables for each person on each visual performance task. Over all the subexperiments, the data show the predicted pattern of poorer performance as the luminance contrast reduced.
Preliminary examination of the data revealed that the frequency distributions were negatively skewed (most individuals had high scores, and few had low scores). The data were transformed by squaring each value, in order to obtain more normally-shaped distributions. The MANOVA tests reported below were conducted on the transformed data.
Visual performance is known to decline with age. Age was therefore a potential confounding variable in the between-groups comparisons in experiments 2A and 2B (for example, if the low-illuminance group had more younger people than the high-illuminance group, it could have masked the illuminance main effect in that experiment). Examination of the age distribution between the groups in each experiment revealed no significant differences that could have biased the outcomes.
Experiment 2A. For this subexperiment, the independent variables were ballast type (between-subjects) and light source (within-subjects) in a 2 x 2 factorial design. The MANOVA analysis examined main effects for the two independent variables and their interaction. Table 7 displays the means and standard deviations for each experimental condition and the marginal values (collapsed across ballast types or light sources). It is evident that visual performance under all four lighting conditions was very similar. Table 8 displays the summary of the MANOVA analysis. None of the multivariate tests achieved statistical significance; therefore, none of the univariate tests for effects on individual rows of the VALiD task were examined. In addition, the main effects and interaction were all very small effects (R 2 is the indicator of this); that is, very little of the variance in visual performance scores was associated with these variables or their interaction.
Experiment 2B. Illuminance level and light source were the variables in this sub-experiment. Table 9 displays the means and standard deviations for the light conditions and the marginal means collapsed across the independent variables. As expected, the performance for 100 lx is clearly lower than for 1000 lx. The means for the two light source conditions (filtered and unfiltered T8 4100 K lamps) are very similar to one another.
The MANOVA analysis for this subexperiment is shown in Table 10 . The main effect for Illuminance was significant at the p<.05 level, as were five of the six associated univariate tests; only for the highest luminance contrast were participants able to maintain equivalent visual performance for the two illuminance levels. For all of the significant tests, visual performance was better under higher illuminance, and these effects explain large amounts of variance.
There were no statistically significant multivariate tests for light source nor for the interaction of illuminance X light source.
Experiment 2C. This subexperiment had one independent variable: filter type. Table 11 shows the means and standard deviations for visual performance in the two conditions, and collapsed across them. Table 12 shows the results of the MANOVA analysis of these scores. The multivariate test of the filter type effect was not statistically significant and therefore no univariate tests were examined.
Discussion
Fluorescent lighting filter effects. The results of the three subexperiments provide no evidence that adding a magenta filter to a 4100 K fluorescent lamp will aid visual performance, nor that one filter causes effects different to another. Indeed, these results provide no evidence that light source spectral composition will influence visual performance. The differences in spectral quality were greatest for the two light source conditions in experiment 2A, and yet there was no effect on visual performance. Smaller differences between light source conditions were present in experiments 2B and 2C, and these too had no effect on visual performance.
These findings are intriguing when one considers the literature concerning spectral influences on visual performance. Berman's scotopic sensitivity theory predicts better visual performance for scotopically rich lamps (such as the 5000 K, 90 CRI lamp) over scotopically poor lamps (such as the filtered 4100 K lamps).
11-13 Berman and Benson 15 criticised earlier work by Veitch and McColl 14 for having failed to find this effect through having too little statistical power, among other methodological criticisms. The present experiment (2A) was designed to address this question directly, using a within-subjects comparison of two light sources with widely different ratios of scotopic to photopic luminance (as wide as the widest pair in the Veitch & McColl experiment). Despite the added statistical power (power > .90), there was no effect of light source spectral composition on visual performance. Although it is possible that other methodological limitations might have obscured a true effect, it is worth nothing that this finding is consistent with several other investigations that have used widely varying methods of measuring visual performance and a wide variety of light sources, but have not found effects of light source spectral composition on visual performance or visual acuity.
6, 19-22
Illuminance effects. There can be no question that the task was sensitive to changes in visual performance. The results for changing illuminance levels in experiment 2B demonstrate this. Visual performance was better under higher illuminance than lower, exactly as predicted by the literature.
23 Moreover, the effect was greater for lower-contrast task rows, which is also consistent with existing knowledge.
Ballast type effects. The absence of a ballast type effect in experiment 2A is not consistent with the literature, where there have been several reports of improved visual performance under electronic ballasts 14, [24] [25] The most likely explanation for the findings in this experiment is the lack of statistical power in the between-groups comparison. We examined this possibility using the statistical power analysis tools developed by Cohen.
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Given the sample size of 16 participants per ballast type, the statistical power of the between-groups comparison to detect a large effect (a mean difference of 0.8 SD) was 0.59. This means that the experiment had a 59% chance of rejecting the null hypothesis (no effect) even if a large effect existed. Our decision to include the ballast type variable, despite the low statistical power for this comparison, was based in part on a desire to achieve a higher sample size for the comparison between light sources in experiment 2A, the contrast testing Berman's scotopic sensitivity hypothesis 13 . It would have required 26 participants for each ballast type to have obtained a statistical power of 0.80 for a large effect. Such an increase was not possible, given the time available to collect data for this project.
In any case, even an increase of 10 people per condition (20 in total) might not have been enough. Sensitivity to flicker appears to decline with age 27 , which might lead one to expect a smaller effect size in this experiment than in earlier work, given the wider age range of participants here. In that case (a mean difference of 0.2 SD), given a sample size of 16, statistical power was .09; 394 participants per ballast type would have been required to achieve a statistical power of .80.
General Discussion and Conclusions
This project set out to test two claims about the effects of fluorescent lighting filters on people: that a magenta filter added to common fluorescent lamps improves skin colour appearance, and that the filter also improves visual performance. Manufacturers have used these claims, along with product testimonials, to market such filters as beneficial lighting retrofits for improving working conditions. The results of these two experiments, together with other evidence from the scientific literature, provide mixed support for these claims.
The visual performance experiments provide no support for the claim that adding a magenta filter to a common fluorescent lamp will improve visual performance. At least with the short-term viewing conditions used in this experiment, the visual performance claims made for such filters are not supported.
The skin colour appearance experiment, consistent with other investigations, demonstrates that people prefer the skin colour provided by light sources that are relatively poorer in green than in red wavelengths. As compared to common fluorescent lamps at 3500 K and 4100 K, adding a magenta filter can improve skin colour appearance. However, it is possible that any light source having a suitable x:y ratio of CIE chromaticity coordinates would prove equally acceptable. Further investigation might provide valuable insights into preferred colour characteristics of light sources that manufacturers could use in modifying their products. Such investigations should include participants with a wider variety of skin tones, to ensure results that are widely generalisable.
In the absence of such products, it is possible that adding a filter to existing lamps might be an effective way to improve colour appearance of people where it is judged to be a problem. However, adding filters to fluorescent lighting systems, either as a flat insert on a lens, or directly around a lamp, comes at a cost in illuminance and lighting system performance that the facilities manager should take into account in making a retrofit decision. The output of this procedure is an 80 X 6 matrix of scores reflecting each participant's relative preference for the six stimulus conditions. These scores were analysed using ANOVA as described above.
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Discussions
There are 2 components to this paper and these are both discussed below. Preference for lamp color temperature based on the rendering of hand skin tone The context for this study is unrealistic. Subjects are asked to make a comparison of lamp types based only on the singular factor-how they like the way the lighting renders the back of their hands placed against a matte black background. No other attributes of the lighting are to be considered. The authors offer no explanation of why this highly constrained condition all alone should be relevant to lighting practice given the many requirements and lighting issues that need to be balanced in a workplace environment. Nevertheless some comments are supplied here about this circumscribed and somewhat artificial study.
The authors' result in this case is essentially what would be expected based on the previous study of Rea et al a , for a subject sample composed primarily of people of fair skin. Since 5000K lamps were used in the second part of the study it is puzzling why the authors chose to compare lamps that were so close in CCT values for experiment 1. A larger difference in the CCT values might have produced a higher level of significance and a better test.
In any case the result is probably not generalizable, even under the protocols used, to a more ethnically diverse population such as that of CA. This is born out by the paper of Quellman and Boyce, also presented at this conference, which shows different lamp preferences (based again on hands) for subjects of a variety of different complexions.
It should be noted that in real environments people do not observe their skin against matte black backgrounds. Results of preference under such conditions are interesting but unrealistic even under the singular criterion. Perhaps the authors could repeat their study under more realistic conditions thereby demonstrating that their result has more connection to real environments even for a restricted population and protocol.
It would improve the readability of the paper if the authors would list the mean results for the 15 different comparisons rather than simply averages over some of the comparisons, as is presented in Table 4 . It is not possible to reconstruct these 15 values from the contents of Table 4 .
Effect of lamp color temperature on Landolt ring acuity
In the second part of the study, the authors did not find any effect of color temperature differences on Landolt ring acuity. The results of the authors disagree with previous laboratory studies and also the study presented by M. Navvab at last years IES conference and published in the J.IES Summer 2001 as well as the new study of M.Navvab presented at this conference and session. There are several possible reasons for this outcome discussed below.
The proposition forwarded by Berman et al of acuity effects of lamp spectrum is based on the occurrence of pupil size changes caused by changes in the color temperature of the surround lighting. This is best accomplished in a full field of view, the situation for most interior lighting situations and for the previous laboratory studies as well as those above mentioned studies of Navvab. Restricting the size of the field of view will diminish the pupillary response, and for small fields there is little or no change in pupil size for either changes in CCT or light level once typical interior levels are achieved b . The 'Valid' device used by the authors for testing acuity has a substantially smaller field than occurs in natural viewing.
Although the size of the visual field in the 'Valid' is not provided, it is possible from additional information to determine the size of its field of view. That field of view (taking account of the dome and eyepiece dimensions) is approximately 0.28 stearadians or about 5% of the solid angle covered in a full field of view. Given the relatively small differences in the S/P ratios compared and the small size of visual field, it is not surprising that the authors did not find a pupillary related color temperature effect. This problem of field size of the 'Valid' apparatus has been previously remarked to the authors and it is specifically mentioned in their reference 15.
The 'Valid' apparatus also provides a secondary confound and that is the effect on pupil size of having subjects press their face into the eyepiece. Studies on the psychological aspects of pupilometry have shown that such facial and viewing constraints effect pupil size in an unpredictable manner and could further reduce the sensitivity of the authors' study.
The authors' claim that experiment 2b, comparing acuity at 2 light levels a factor of 10 different, shows that their measures are sensitive. On the other hand, the hypotheses of the effects of different S/P values on vision have never claimed comparable vision with an order of magnitude in light level difference but typically equality of vision with some 30% to 40 % differences of light level or energy. They cannot claim experiment 2b has the relevant sensitivity to draw their conclusions about the S/P hypothesis.
A further examination of the results of exp. 2b shown in Table 9 demonstrates areas of lack of sensitivity even over the large range of luminance difference used by the authors. For the 2 highest contrast levels the difference in ring acuity at 100 lux and 1000 lux is not significant, contrary to well known results in vision. This lack of a difference is somewhat surprising given that the mean age of the participants appears to be in forties. Perhaps this might be due to a large spread in individual acuities. The significant effect demonstrated for exp.2b is entirely due to the low contrast results. It is difficult to understand why the authors would invoke a between-subjects protocol as a means to normalize the intrinsically higher sensitivity possible for a within-subjects protocol.
In view of the various protocol limitations discussed above, the authors' claim that "these results provide no evidence that light source spectral composition will influence visual performance" has limited context and on the basis of the present study cannot be generalized to apply for interior lighting practice.
The authors also claim that their study is consistent with a number of other studies that do not show effects of light spectrum on visual performance and provide 5 references of which only 2 are actually papers in peer review journals. Reference 6 was presented as a conference poster and tested spectral changes with a small field of view even smaller than the 'Valid' apparatus. The limitations of this protocol have already been discussed above. Of the journal papers, reference 19 did not perform a detailed study of vision and although reference 22 did examine vision, the conditions were not sensitive. (A thorough critique of the sensitivity issue for ref 22 has been provided by me and is published as a discussion appended to the referenced article.) The conference papers refs 20&21 are extremely crude studies lacking the necessary protocols to test the concept of S/P values on vision.
On the other hand the authors have chosen not to reference other studies in the published literature (besides the study of Navvab mentioned above) that do show spectral effects on vision, 4 of which are listed below ,c,d,e,f . These 4 have been referenced in papers that the authors have referenced. In each of these 4 references noted below, a sensitive measure of vision has been applied and those references listed here indeed find spectral effects on vision entirely consistent with the S/P concept. The authors should be concerned with the appearance of a possible referencing bias as this has also been commented on previously by Salares g . This paper describes a series of carefully done and expertly analyzed experiments on the effect of filtered fluorescent light on preferred skin appearance and on visual performance. However, I have two concerns, one with the skin appearance experiment and one for the visual performance experiments. The core of my concern for the skin appearance work lies in the use of the x/y ratio as a predictor of preferred skin appearance. I suspect this finding is fortuitous, the x/y ratio simply having a larger change in value for the direction of movement in chromaticity coordinates when the filters were introduced than the other photometric measures considered. Certainly, the x/y ratio cannot be a general predictor, because the locus of constant x/y ratio is a line through the chromaticity diagram so a single x/y ratio covers a wide range of light colors, not all of which can be preferred for skin. An alternative approach to finding a photometric predictor that would be more understandable would be to quantify the effect of adding the filters on the separation of the chromaticity coordinates of the lamp/filter combination from chromaticity coordinates that are known to be satisfactory for skin appearance. For example, it is notable that the effect of adding the filter to both lamps is to move the chromaticity coordinates of the lamp/filter combinations closer to the black body locus than those of the lamps alone.
References
As for the visual performance experiments, my concern is with the use of the rows in the VALiD chart with different contrasts as different dependent variables and then the carrying out of a multivariate analysis of variance on them. Given that an experimenter is using several different quantities to measure the same underlying effect, then multivariate analysis of variance is the correct procedure. However, in this case there is a-priori reason to believe that these dependent variables will show a systematic change in sensitivity to the independent variables, i.e., the high contrast rows will be less sensitive than the low contrast rows. In this situation it does not seem sensible to treat the different rows of the VALiD chart as separate dependent variables measuring the same underlying effect. Would it not have been better to treat the contrast of the row as another independent variable? Would the authors please comment?
Peter Boyce Lighting Research Center Troy, NY
The authors have done an impeccable job of reporting their experiments and results. I have only the following questions and comments:
Experiment 1: It is satisfying to hear about experimental results that confirm common sense and personal experience. Northern Europeans are used to hearing expressions such as "pale", "sallow", or "jaundiced" as meaning ill or sickly or "not in the pink of health". We are used to hearing terms such as "rosy" or "ruddy" to describe healthy skin tones. So, yellow or poor red content in the skin tone equals undesirable sickliness, while red content implies health. The magenta filters subtract out some of the undesirable yellow-green while transmitting most of the desirable red wavelengths. We should remember, however, that just because the filtered lamps were "preferred", it does not imply dissatisfaction with the unfiltered lamps.
I was surprised to see only an R 2 of 0.096 for the x:y ratio, the best photometric predictor. Is there a better photometric description of the shift in color due to the filters? Would a ratio between the radiometric power of the "long wavelengths" to the "mid-range wavelengths" yield a higher correlation value?
Experiment 2: How much does the filtering of the lamps affect their "S/P" ratios? Would it shift the ratio enough to produce a significant effect in visibility, according to Berman's theories? In order to achieve the improved visibility from scotopically-rich sources, it is my understanding that it is necessary to fill the full visual field with luminance. I am unfamiliar with the VALiD viewing chamber. Does it provide the subject with a full field of luminance, or does it provide a viewing aperture?
Naomi Miller Naomi Miller Lighting Design
Troy, NY
Authors' Response
We have chosen to respond to remarks regarding each experiment in turn, for the sake of clarity, and to respond to all three reviewers together, as there is some overlap between them.
Experiment 1
Our experiment was designed principally to answer a specific, applied question, and this dictated the choice of lamps and filters, commented upon by Dr. Berman. Although we examined a limited range of experimental conditions in order to address the question posed by our client, we have attempted here to propose an explanation that other investigators might wish to explore further. The restricted variability in experimental conditions accounts for the small effect size noted by Ms Miller.
Dr. Boyce expressed reservations concerning the use of the ratio of CIE x:y as a predictor of preferred lamp type for skin color judgements. It is certain, as he points out, that colours exist with x:y ratios that would not provide acceptable skin color. His suggestion that a measure of difference from some commonly-accepted value of goodness might be more useful is well-taken, and worthy of further study.
Dr. Berman commented on limitations to the generalizability of these findings. We do not disagree that we used tight experimental control to focus attention on the target that we wished to have judged, but we view that as a strength not a weakness. It is certainly possible that in the context of a real space, relative preferences for light source colours would be different; this is an empirical question. Regarding the generalizability of the results to other populations, we do not disagree. Indeed, we explicitly limited our conclusions to the fair-skinned population that participated, and recommended that further studies include a broader range of skin tones.
Regarding Dr. Berman's request for the forced-choice preferences for the 15 pairs, we disagree concerning their usefulness; the pattern of results is far from clear to the reader from these raw data (as, in general, is the case for most raw data sets). Instead we presented the means for all participants of the relative preference scores by light source in Table 4 .
Experiment 2
As was the case Experiment 1, our principal concern in this project was an applied question concerning the use of retrofit filters for office fluorescent lighting. To study this question we used a paradigm that was developed in this laboratory by Mark Rea in the 1980s -the Vision and Lighting Diagnostic Kit -as a tool to assist in determining the visual capabilities of office workers. This contributed to our choices of experimental conditions. For example, in experiment 2B we were more interested in the effects of adding the retrofit filter -an effect size we expected to be small -than in the effects of increased illuminance -an effect known to be large. We assigned the filter contrast to the within-subjects comparison because of its increased sensitivity.
This paradigm had been used in a previous experiment (Ref. 14), which Dr. Berman had criticized both for a lack of statistical power in the comparison of various spectral conditions and for a too-small visual field. Because we had been contracted to study the retrofit filters, we decided to take the opportunity to address Dr. Berman's criticism concerning the statistical power of the previous experimental design. We chose not to change the paradigm for the visual performance test because we believe this near-field visual performance task to be relevant to paper-based office tasks. The field of view for this task is suffiently large to encompass more than only foveal vision: Subsequent to receiving his prepared discussion, we measured it at 16.8 degrees vertically, and 56.46 degrees horizontally (the viewport is rectangular). There is clearly surround luminance in the field of view. We did not clearly explain this reasoning in the paper, which perhaps we ought to have done.
As we had done in the earlier work (Ref. 14), we considered the scores on various rows of the VALiD task to be separate measures of visual performance in a MANOVA design, rather than adding contrast as an additional independent variable (as Dr. Boyce suggested). Contrast is well-understood, and we did not see a need to probe it further although we could have done so. the approach we took provided the information we sought: evidence of overall effects of visual performance (if any), across all contrasts, and tests at each contrast level of the effects of the independent variable. (These would be equivalent to paired-comparison tests of contrast X independent variable interactions.)
We have elsewhere reviewed the literature related to the broad issue of spectral effects on visual performance h , including most of the papers cited by Dr. Berman in his comments. We invite the audience to visit our WWW site, where the paper is available in PDF form (http://www.nrc.ca/irc/ie/light), read our publications, and to form their own opinions of the scholarly quality of our work. In response to his written comments, we returned to the literature to examine the question again. In Dr. Berman's experiments (Ref. 11, 12, and b [above] ), and in the paper presented by Navvab today (the paper in-press in JIES (Summer, 2001) was not available to us for inclusion), task and surround illumination were carefully separated. In Ref 11 and 12, the task was presented as a mirror image of a white-screen VDT with black text; in ref b, the task was backlit with incandescent lamps. Similarly, Navvab used a light table with incandescent lamps to backlight the task separately from the surround. In ref. b, Dr. Berman and his colleagues reported that higher surround luminances, provided by a "scotopically enriched" lamp, produced smaller pupils and improved word-reading accuracy. Both Berman (Ref. 11, 12) and Navvab (today) reported that surround lighting with a higher S/P ratio improved visual performance. In these studies, the comparisons between surround spectra were wide.
Other respected lighting investigators, using other methodologies, have reached other conclusions (Ref. 19, 20, 21, 22) . (These papers would have received complete peer review: two are journal papers, one is a complete PhD thesis successfully defended, and one is a CIE paper, which would have been reviewed in full prior to acceptance.) These investigations differed from the Berman and Navvab work. In all cases, the task was lit using general room lighting, so that surround and task had the same color temperature and the task was not itself luminous. In Ref. 19, 21, and 22 , the range of light sources was smaller than in either Berman's or Navvab's work (across the range of 2700 -5000 K), although Halonen's thesis included sources of 2900, 3300, 5500, and 9500 K. These investigators did not find effects of spectral composition on visual performance. Our experiment differed yet again in allowing only a near field of view, although both the task and its surround were lit in the same way to the same level.
Several possibilities exist for this set of findings, which we view as open empirical questions: First, the null-effect studies might be flawed in ways that prevented the detection of effects. Dr. Berman clearly thinks so. Second, the effects might be real, but effective use of the pupil size mechanism might require very large S/P ratios, larger than would be expected with typical lamp types in use today, even the most "scotopically enriched" (as Ms Miller and Dr. Berman both noted, the range of S/P ratios in our experiment is quite small). Third, perhaps the use of the luminous task with the separate surround lighting influences the process, perhaps because of the colour contrast between the task and surround. There would have been a limited task:surround distinction in the other four papers if one considers the surround to include elements of the entire room.
Although our experiments did not show an effect of spectral difference on near-field visual performance during a short exposure, there are research questions that have yet to be answered. We clearly limited the generality of our conclusions to the conditions we studied. We invite others to pursue some of the other possibilities, as independent replication and extension is the best basis on which to build a corpus of empirically-based understanding that can be used in making policy decisions. n/a n/a n/a
Note. Participants in Experiments 2A-2C were subsets of the participants in Experiment 1. A reflectance standard was placed on a defined point on the inclined pad; measurements at this point on the left and right sides of the apparatus were averaged to obtain the values reported here. All conditions included cardboard baffles to provide equivalent illuminance (approx. 670 lux) on the inclined board where participants placed their hands. Nominal horizontal illuminance on the VALiD task was 200 lx in experiment 2A and 2C. All lamps in Experiments 2B and 2C were run using electronic ballasts. The flicker measurements for Experiment 2A were taken with a silicon photodetector directly from the lamps (both lamps in one luminaire) connected directly to an oscilloscope. Note. None of the multivariate tests reached statistical significance, therefore no univariate tests (for individual rows/contrast levels) were interpreted. R 2 is the squared correlation ratio (proportion of explained variance) associated with each effect. For multivariate effects it is the average of the R 2 values for the associated univariate (VALiD row) effects. Legend: T841-F1/F2 shows the average x and y co-ordinates for the filtered 4100 K conditions. T835-F1/F2 shows the average for the filtered 3500 L conditions. T841-F3 and T835-F3 show the values for the unfiltered 4100 K and 3500K lamps, respectively.
Figure 9 Schematic Drawing of VALiD Apparatus (Experiment 2)
Legend: A = hemispheric Plexiglas dome. B = view port. C = aperture for light from luminaire below. D = VALiD task. E = illuminance sensor. F = external illuminance meter. 
